This paper compares the biophysical and mechanistic properties of a typical type I dehydroquinase (DHQase), from the biosynthetic shikimate pathway of Escherichia coli, and a typical type II DHQase, from the quinate pathway of Aspergillus nidulans. C.d. shows that the two proteins have different secondary-structure compositions; the type I enzyme contains approx. 50 % a-helix while the type II enzyme contains approx. 750 a-helix. The stability of the two types of DHQase was compared by denaturant-induced unfolding, as monitored by c.d., and by differential scanning calorimetry. The type II enzyme unfolds at concentrations of denaturant 4-fold greater than the type I and through a series of discrete transitions, while the type I enzyme unfolds in a single transition. These differences in conformational stability were also evident from the calorimetric experiments which show that type I DHQase unfolds as a single co-operative dimer at 57°C whereas the type II enzyme unfolds above 82°C and through a series of transitions suggesting higher orders of structure than that seen for the type I enzyme. Sedimentation and Mr analysis of both proteins by analytical ultracentrifugation is consistent with the unfolding data. The type I DHQase exists predominantly as a dimer with Mr = 46000 + 2000 (a weighted average affected by the presence of monomer) and has a sedimentation coefficient s520 = 4.12 (+0.08)-S whereas the type II enzyme is a dodecamer, weight-average Mr = 190000 + 10000 and has a sedimentation coefficient, so = 9.96 (+ 0.21) S. Although both enzymes have reactive histidine residues in the active site and can be inactivated by diethyl pyrocarbonate, the possibility that these structurally dissimilar enzymes catalyse the same dehydration reaction by the same catalytic mechanism is deemed unlikely by three criteria: (1) they have very different pH/logkcat profiles and pH optima; (2) imine intermediates, which are known to play a central role in the mechanism of type I enzymes, could not be detected (by borohydride reduction) in the type II enzyme; (3) unlike Schiff's base-forming type I enzymes, there are no conserved lysine residues in type II amino acid sequences.
INTRODUCTION
The enzyme dehydroquinase (3-dehydroquinate dehydratase; EC 4.2.1.10) catalyses the dehydration of 3-dehydroquinic acid to 3-dehydroshikimic acid and is a central step in two separate metabolic pathways, one involved in biosynthesis the other involved in catabolism [1, 2] (Scheme 1). Biosynthetic dehydroquinase (bDHQase) is part of the shikimate pathway in microorganisms which is responsible for the biosynthesis of aromatic compounds, for example, the aromatic amino acids (Scheme 1). Catabolic dehydroquinase (cDHQase), on the other hand, is part of the quinate pathway of fungi and enables the organism to utilize quinate as a carbon source via the /3-ketoadipate pathway (Scheme 1). In these fungi, bDHQase and cDHQase are encoded by genetic loci that are subject to distinct physiological and genetical controls. cDHQase in Aspergillus nidulans is inducible by the presence of quinate and is encoded by the QUTE gene, one of seven tightly linked genes comprising the quinic acid utilization gene cluster [3] [4] [5] [6] [7] [8] . bDHQase, on the other hand, is constitutively produced, and is encoded by the complex AROM locus which specifies a pentafunctional polypeptide, which is active as a dimer (the arom protein) and catalyses steps two to six in the shikimate pathway [9] [10] [11] . Lamb et al. [12] have shown that the common metabolites 3-dehydroquinate and dehydroshikimate leak from the arom protein at a rate comparable with the flux of metabolites through the shikimate pathway and can be utilized by the enzymes of both pathways. A similar fused polypeptide is also present in Neurospora crassa [13] [14] [15] and Saccharomyces cerevisiae [16] but, in prokaryotes, steps two to six in the shikimate pathway are catalysed by distinct monofunctional enzymes [17] [18] [19] [20] [21] that are constitutively expressed and are not required to aggregate for activity. Evidence from DNA sequence analysis has strongly suggested that the complex AROM locus arose by multiple gene fusions to generate the pentafunctional arom polypeptide [22, 23] . Recently it has been shown, by site-directed mutagenesis of the A. nidulans AROM locus, that some ofthe arom polypeptide (including the bDHQase domain) can fold and function in Escherichia coli as monofunctional enzymes [24] . In addition, a study of protein sequences deduced from DNA sequence data has shown that the quinate dehydrogenase enzyme of the quinic acid utilization pathway and the shikimate dehydrogenase enzyme of the shikimate pathway have evolved from a common ancestral sequence [5, 19] . Conversely, the comparison of bDHQase and cDHQase enzyme sequences has led to the proposal that the two enzymes arose by convergent evolution [23, 25] .
Until recently the bDHQases (typified by the monofunctional E. coli enzyme) and the cDHQases (typified by the fungal quinic P0, 3 Protein purification Type I DHQase was purified from an overexpressing strain of E. coli as originally described by Chaudhuri et al. [29] . Type II DHQase from A. nidulans was overexpressed in E. coli and purified as described by Beri et al. [30] . There is no contamination from-host type I DHQase using this strategy because the extracts are first heat-treated (70°C for 15 min), which denatures all the type I enzyme but does not affect the eukaryotic type II enzyme.
Protein determinations
Protein content was determined by amino acid analysis in conjunction with the known compositions of the proteins. . Schlieren measurements were at a wavelength of 546 nm, absorption measurements at 280 nm. Five to ten scans were used in determining each value of the sedimentation coefficient at a particular concentration c (corrected for radial dilution). The sedimentation data were captured using a Cherry digitizing Tablet interfaced to an Apple IIE computer, which evaluated the sedimentation coefficient and the radial dilution correction factor for concentration.
All sedimentation coefficients, sC(T b) (the subscripts refer to solvent b, of temperature T, and at finite concentrations c), were corrected to standard conditions with water as solvent, at 20°C (for example, see van Holde [34] :
y is the solvent viscosity, u, the partial specific volume and p, the solution density. Partial specific volumes of 0.746 ml/g (type I) and 0.745 ml/g (type II) were calculated from published amino acid sequence data (refs [18] and [35] for type I and ref. [25] for type II) according to the Traube rule [36] . Use of solution densities for each concentration is rather difficult, tedious and wasteful of material, and so we follow the common procedure of using solvent densities. This has no effect on the value of SC (20,W) extrapolated to infinite dilution (5°20W) and a simple correction exists [37] for the concentration-dependence regression parameter, kS, in the relation:
Sedimentation-equilibrium measurements. Sedimentation-equilibrium experiments were performed using a Beckman model E analytical ultracentrifuge equipped with Rayleigh interferometric optics, a 5 mW He/Ne laser light source and an RTIC temperature-measuring system set for 20 .0°C (type I) and 23.2°C (type II). The 'low' or 'intermediate' speed method was used where the speed is sufficiently low to allow adequate resolution of the fringes near the cell base [38] . In this method the concentration at the air/solution meniscus remains finite and can be found by mathematical manipulation of the fringe data [38] .
Before use, all samples were dialysed for at least 24 h against 0.05 M-potassium phosphate, pH 7.0, type I or 0.05 M-Tris/ HCI, pH 7.0, type II respectively. Determinations were made in 30 mm optical path length cells at a rotor speed of 10082 rev./ min (type I) and 9141 rev./min (type II). The lowest possible loading concentrations (approx. 0.50 mg/ml for the type I and approx. 0.20 mg/ml for the type II) were chosen in both cases.
Data from the Rayleigh interference patterns were captured off-line on an LKB Ultroscan XL two-dimensional laser densitometer scanner interfaced to an Olivetti PC. Fringe concentration versus radial displacement plots were obtained using the UCSD PASCAL routine 'ANALYSE2' [39] . These data were then transferred via the joint UK Computer network (JANET) for full analysis on the mainframe IBM 3081/B at Cambridge. Whole-cell weight-average, M: values were obtained by using the limiting value at the cell base of a directly determinable point average Mr* [38] . Using this procedure, an independent estimate for the initial concentration was not required. Point weight-average Mr values were obtained by using sliding-strip quadratic fits to the observed fringe data [40] .
Steady-state kinetics
Enzymic activity for both the type I and type II DHQases was measured spectrophotometrically by measuring the formation of product, dehydroshikimate, at 234 nm (e = 1.2 x 104 litres mol-' cm-') in a final volume of 1 ml and at 25°C as described by Kleanthous et al. [41] The pH-dependence of Vm'ax for the E. coli type I enzyme has already been described [29] . Borohydride reduction of imine intermediates The borohydride reduction of E. coli type I DHQase has already been described [31, 35] . Attempted borohydride reductions of A. nidulans type II DHQase were performed essentially as described by Kleanthous et RESULTS AND DISCUSSION Secondary-structure analysis
The secondary-structure composition of both proteins was estimated by c.d. (Fig. 1) . The secondary-structure content for the type I enzyme from E. coli (in phosphate buffer) has already been described [31] [31] ; the values obtained in this study were 50 % a-helix, 25 % ,l-sheet and 25 % remainder (compared with 45 % a-helix, 28 % fl-sheet and 270% remainder from ref. [31] Guanidine hydrochloride (M) pi The effect of denaturant on the activity of both p been investigated (Fig. 2) . The results from these studies are summarized below.
(1) The guanidine hydrochloride denaturation curve of the type I enzyme in Tris/acetate buffer is very similar to that seen in phosphate buffer [31] ; the absence of discontinuities in the unfolding transition suggests that the dimer unfolds in a single co-operative step and [guanidine hydrochloride]1/2 = 1.3 M (cf.
1.2 M in phosphate buffer). The co-operativity of unfolding transitions has been discussed by Creighton [45] .
( (Fig. 2) . Some 90°/ of DHQase activity is lost in both enzymes at 0.7 M-guanidine hydrochloride, a concentration at which both retain 100%0 of their native secondary structure. E. coli type I DHQase can be refolded to yield active enzyme from denaturing concentrations of guanidine hydrochloride by gel filtration [46] and by dilution. Type II DHQase activity can only be recovered from non-denaturing concentrations of guanidine hydrochloride (0-3 M). As the fraction of unfolded type II protein increases, the recoverable activity decreases to a point where, at 6 M-guanidine hydrochloride, no 8 activity could be recovered by dilution (results not shown).
Differential scanning calorimetry. Type II DHQase is resistant to thermal denaturation, and this property has aided its extraction yondary structure from a number of sources since a heat step can be included in the purification scheme [3, 26, 44] . We have analysed the thermal denaturation isotherms for both types of DHQase 
Oligomeric structure
Homogeneity. Type I and type II DHQases have been purified to homogeneity [29, 30] and the sedimentation data (examples of which are shown in Fig. 4) are consistent with such a homogeneous monodispersed system. However, there is evidence of heterogeneity due to subunit association-dissociation (see below) which would still result in such sedimentation diagrams [47] .
Mr values and sedimentation coefficients. One complication that arises when making these comparisons is the nature of the buffer used for each enzyme. For example, anions such as chloride or acetate are competitive inhibitors of the type I enzyme from E. coli [29] and so Tris/HCl and Tris/acetate buffers are to be avoided when assaying this enzyme (although these buffers were used in some biophysical experiments for the purposes of comparison with the type II enzyme). On the other hand, potassium phosphate, the buffer used for assaying the type I enzyme, is a competitive inhibitor of the type II enzyme from A. nidulans (K1 = 10 mM; R. Deka, unpublished work) whereas acetate and chloride are not. As a result, a number of buffers should be tried when assaying crude extracts of an organism with an unknown DHQase type.
Mechanistic comparisons of type I and type II DHQases
Schiff's base intermediates. The mechanism of type I DHQase from E. coli and the type I-like domain of the pentafunctional protein of N. crassa both involve Schiffs base intermediates [35] . We have attempted to inactivate the type II enzyme from A. nidulans, in the presence of a substrate/product equilibrium mixture, with sodium borohydride as has already been described for the E. coli enzyme [31, 35] A problem was encountered, however, in preliminary experiments aimed at identifying appropriate buffer systems for this study. Most of the common buffers used in such studies (for example, those used in the study of the E. coli type I enzyme [29] ) were all found to be inhibitors of the type II DHQase from A. nidulans (R. Deka, unpublished work). These included phosphate-(a competitive inhibitor), citrate-(for which no enzymic activity could be detected under standard assay conditions) and bicarbonate-(also a competitive inhibitor) based buffers which were all found to be inappropriate for this study.
Finally, we opted for the single broad-range buffer bistrispropane which did not alter the kinetic parameters of the enzyme (relative Tris/acetate under standard assay conditions) but could only be used over the narrow pH range 6-9. The dependence of Vmax on pH for the type II enzyme from A. nidulans in bistrispropane is shown in Fig. 5 'bumps' are evident. The triangular points represent repeats of that particular pH suggesting that, for example, the increase between pH 8.4 and 8.5 is not an artifact.
Histidine modification. Type I (E. coli) [29] and type II (A. nidulans) DHQase are very susceptible to inactivation by the histidine-modifying reagent DEP (Fig. 6) . In both cases the inactivation is substantially protected by an equilibrium mixture of substrate and product suggesting that active-site residues have been modified. The kinetics of inactivation of the two types of DHQase differ, however; the type I enzyme follows pseudo-firstorder kinetics whereas the kinetics for the type II enzyme are more complex. The inactivation of the type I enzyme has been fully characterized (R. Deka, C. Kleanthous & J. R. Coggins, unpublished work). The overall conclusions from the results presented in Fig. 6 -170) and plays an important role as an electron sink in the mechanism. It is also thought to be, in part, responsible for the unusual stereochemistry of this elimination reaction [49] (the stereochemistry most commonly observed in such elimination reactions is trans whereas the stereochemistry for type I DHQase is syn [50] ). The involvement of this intermediate is easily shown by the addition of sodium borohydride to enzyme bound with ligand, which results in the inactivation of the enzyme as the active-site imine is reduced to a stable secondary amine [35, 51] . Attempts to show ligand-mediated borohydride inactivation of the type II enzyme from A. nidulans were unsuccessful in a variety of buffers and pHs. This observation is contrary to preliminary borohydride inactivations reported for the type II enzyme of S. coelicolor DHQase [26] . These experiments have been repeated with several different preparations of the S. coelicolor enzyme and the original result cannot be reproduced (G. Walker & J. R. Coggins, unpublished work). The tentative conclusion from the results described in this paper and those for S. coelicolor is that type II DHQases do not function by a Schiffs base mechanism. This conclusion is further supported by previously published sequence comparisons of the type II enzymes from A. nidulans and N. crassa with that of M. tuberculosis [27] .
If the type II enzymes did function by a Schiffs base intermediate, but were not susceptible to borohydride inactivation (for example, if the imine was inaccessible to the reducing agent), then it might be expected that they would retain a conserved lysine residue, as seen with the type I enzymes [35] . This is not the case. There are no conserved lysine residues in all three type II sequences, even though there is a reasonably high degree of sequence identity between them (39%) [27] . This argument is strengthened by comparison of these sequences with that of the S. coelicolor type II sequence which has recently been determined (P. J. White [49] . It will be of interest therefore to determine the stereospecificity of the type II enzymes, which do not seem to involve imine intermediates, to ascertain if the stereospecificity of the protonabstraction step is the same as that observed for the type I enzymes. 
